Numerous polypeptides in a leaf have been shown to undergo covalent modification by phosphorylation. Most of these phosphoproteins are thought to be associated with the thylakoid membrane (3, 19) , and only a few have been identified to date.
To our knowledge, only three specific soluble leaf proteins have been identified as being phosphorylated: pyruvate dehydrogenase complex (PDC3; [24] ), PPDK (1, 9) , and the large and small subunits of Rubisco (12) . Phosphorylation of the mitochondrial 2 Present address: Department of Biochemistry, 21 1 Schweitzer Hall, University of Missouri, Columbia, MO 6521 1. I Abbreviations: PDC, pyruvate dehydrogenase complex; PPDK, pyruvate, Pi dikinase; PEP, phosphoenolpyruvate; PEPCase, PEP carboxylase; AP5A, P'P5-di(adenosine-5')pentaphosphate; IEF, isoelectric focusing; Rubisco, ribulosebisphosphate carboxylase/oxygenase. PDC results in inactivation (24) , while chloroplastic PDC is apparently not phosphorylated (8) . The C4 mesophyll chloroplast enzyme PPDK exhibits a novel ADP-dependent phosphorylation which causes inactivation (1, 6, 9) . Phosphorylation/inactivation of PDC and PPDK has also been established in situ (6, 24) . In contrast, phosphorylation of Rubisco has unknown effects on the enzyme (12) . Data on hydroxymethyl glutaryl CoA reductase have indicated that it may also be phosphorylated (25 Immunoblots. Western transfers and immunolocalization from SDS-PAGE gels were performed as described previously (10) . U tion of native proteins was performed since our antibodies are more sensitive and have a higher titer to the denatured antigen (i.e. PEPCase, PPDK) from which they were raised in rabbits. The antibodies against maize leaf PPDK and PEPCase were evaluated for any cross-reaction with purified PEPCase and PPDK, respectively, by immunoblotting following two-dimensional (urea-IEF/SDS-PAGE) electrophoresis and were found to be specific for their respective antigens.
PEPCase and Protein Assays. PEPCase activity was assayed spectrophotometrically at 340 nm and 30°C in an assay medium (1 ml, final volume) containing 50 mm Tris-HCl [pH 8.0], 5 mM MgCl2, 7 mm f,-mercaptoethanol, 10 units of NADH-malate dehydrogenase, 0.25 mm NADH, and 5 mM NaHCO3. The reaction was initiated with 6 mM PEP unless stated otherwise. PEPCase activity was also assayed radiometrically at pH 8.0 and pH 7.0 (in 50 mm Mops) as described above except for 1 mM NADH and 20 mm NaH'4CO3 (0.3 Ci/mol). The '4C-assays were terminated after 3 min at 30°C by the addition of 0.2 ml 6 M acetic acid, and PEP-dependent acid-stable 14C-dpm fixed determined by liquid scintillation spectroscopy.
Protein content was determined by a sensitive dye-binding assay (6) (Fig. 1, lane B) . This band is actually a doublet (Fig. 1, inset to PPDK and PEPCase (see Fig. 2 , A-C). Native PPDK is generally referred to as being composed of four "identical" 94-kD subunits (28) , whereas PEPCase is composed of four identical 99-kD protomers (29) . Low sample loads on SDS-PAGE will generally resolve the doublet at 94 to 100 kD, but these polypeptides are not separated at higher loads (>30 ,g total protein).
When the soluble leaf protein sample was incubated with either [f3-32P]ADP plus ATP or [Y-32P]ATP alone, acid-stable labeling of the 94 to 100 kD band resulted (Fig. 1, lanes C and D,  respectively) . The phosphorylation of PPDK by ADP is well established ( 1, 2, 6 ). The ADP-dependent regulatory phosphorylation of PPDK is absolutely dependent upon its prior phosphorylation by ATP to form the E-HIS-P catalytic intermediate (7) . However, the phosphohistidine linkage is an acid-labile bond and, thus, the acid-stable ATP-dependent phosphorylation ofthe 94 to 100 kD band (Fig. 1, lane D) cannot be assigned to the E-HIS-P form of PPDK. Close inspection of the autoradiograph reveals that the polypeptide phosphorylated by ADP has a slightly larger relative mol wt than the polypeptide phosphorylated by ATP. This acid-stable ADP-or ATP-dependent phosphorylation of the 94 to 100 kD band was also observed with crude leaf extracts ofthe C4 plant Saccharum officinarum (data not shown).
Maize leaves contain high levels of adenylate kinase activity which will rapidly randomize the labeled phosphate between ADP and ATP. Thus, the adenylate kinase inhibitor AP5A (6, 1 1) was added to the phosphorylation reaction mixtures. For the ATP-phosphorylation reactions an ADP-scavenging system composed of phosphocreatine/creatine phosphokinase was also included. When the phosphorylation reactions were quenched for SDS-PAGE, aliquots were also analyzed by poly(ethyleneimine)cellulose-TLC (6) to assess the stability of the 32P-label. These analyses indicated that approximately 7% of the label was randomized between ADP and ATP.
When the soluble leaf protein sample was incubated with 32p-labeled ADP plus ATP for 15 min this resulted in a 35% inactivation of PPDK and the exclusive labeling of the 94 to 100 kD band (Fig. 1, lane C) . In contrast, incubation with 32P-labeled ATP had no effect on PPDK activity, yet there was acid-stable labeling of the 94 to 100 kD band and numerous other lower mol wt polypeptides (Fig. 1, lane D) . To determine whether the ATP-dependent phosphorylation of the 94 to 100 kD band was labeling of PPDK or PEPCase, two-dimensional (urea-IEF/SDS-PAGE) gel electrophoresis was employed. Coomassie bluestained gels revealed two intense, well separated bands in the 94 to 100 kD region ( Fig. 2A, arrows) . One had an isoelectric point of 5.5 to 6.0, identical to that previously reported for PPDK (1, 6) , and the other was situated at the cathodic (basic) end (Fig. 2B) , whereas when probed with anti-PPDK antibodies a single band with an isoelectric point of 5 to 6 was visualized (Fig. 2C) Figure   1 , the acid-stable ATP-dependent phosphorylation of the 94 to 100 kD band was localized specifically in PEPCase and not PPDK (Fig. 2D). As expected (1, 2, 6 ), the ADP-dependent phosphorylation resulted in the exclusive labeling of PPDK (Fig.   2E) (105°C, 4 h) , and phosphoamino acid analysis performed. Two-dimensional thin-layer electrophoresis (16) indicated that the 32P-label from ATP-phosphorylated PEPCase was located exclusively in P-serine (Fig.  3A) . As expected (1, 6) , the 32P-label in the ADP-phosphorylated PPDK was located specifically in P-threonine (Fig. 3B) .
Effect of Phosphorylation on PEPCase Activity. The soluble leafprotein samples were incubated with [y-32P]ATP as described above except that 2 mg/ml BSA was added to help stabilize PEPCase. After incubation with the phosphorylation reaction mixture, the protein sample was diluted with 50% glycerol in desalting buffer (minus Pi) to -1 unit of PEPCase activity (in jumol/min) per ml (determined spectrophotometrically) and aliquots assayed radiometrically. The results summarized in Table  I are from one experiment and were reproducible from day to day. Incubation with ATP consistently resulted in a partial inactivation of PEPCase from illuminated tissue when measured at either saturating or nonsaturating PEP concentrations. The inhibitory effect (1 1-13% inactivation) of phosphorylation was about doubled when assayed at pH 7 and subsaturating levels of PEP. A similar effect of pH and PEP concentration has recently been reported by Karabourniotis et al. (17) (30) . Nimmo et al. (21) and Brulfert et al. (5) have suggested that, perhaps, the diurnal changes in malate sensitivity and quaternary structure of CAM PEPCase may be due to the phosphorylation (night)/dephosphorylation (day) of both seryl and threonyl groups in the protein. To determine if there are similar changes in the aggregation state of C4 leaf PEPCase, soluble leaf proteins from intact maize plants previously exposed to the light or dark were electrophoresed on nondenaturing gels, transferred to nitrocellulose, and probed immunologically for PEPCase. Samples from dark-adapted plants gave a single high mol wt band irregardless of protein load (Fig. 4, lanes A and B) . In marked contrast, samples from illuminated plants yielded a single band of high mol wt only when at least 4 gg of protein was loaded onto the gel (Fig. 4, lane C) . Lesser protein loads from illuminated tissue consistently dissociated into two bands (Fig. 4, lane D) , presumably the dimeric and monomeric forms of PEPCase, under these electrophoretic conditions. These differences in dissociation properties of PEPCase from darkened versus illuminated leaf tissue cannot be attributed to large differences in the relative amounts of PEPCase protein in the crude leaf extracts since Huber and Sugiyama (15) have reported that illumination of dark-adapted (15 h) maize leaves caused only about a 10% increase in the protein. While the dilution ofprotein necessary to effect dissociation under these conditions questions if such a phenomenon would occur in vivo, these findings demonstrate a real physical difference between PEPCase from illuminated versus darkened maize plants.
CONCLUDING REMARKS Besides C4 leaf PPDK and NADP-malate dehydrogenase (9), the phosphorylation of maize leaf PEPCase documented in this report provides information on the posttranslational modification of yet another key C4-cycle enzyme. It is now realized that protein phosphorylation is a major means of metabolic regulation. With enzymes, phosphorylation generally results in activation or inactivation. Our attempts, to date, have indicated that the in vitro phosphorylation ofC4 leafPEPCase from illuminated tissue by an endogenous protein kinase does not completely inactivate the enzyme, in contrast to the situation with PPDK (1, 2, 6 ). This lack of complete inactivation may be due to the protein being only partially phosphorylated. Our studies have indicated that the in vitro phosphorylation reaction mixture allows for maximum phosphorylation within 15 to 20 min, after which the level of phosphorylation declines to a lower steady state level (data not shown). With the PPDK system it is easier to achieve complete phosphorylation/inactivation since one can experimentally manipulate the dephosphorylation step in vitro by omitting the nonprotein substrate, Pi (1, 2, 6) .
The need for PEPCase regulation in C4 plants is, perhaps, not as apparent as that in CAM species (30) . During illumination, PEPCase is the primary carboxylating enzyme in C4 photosynthesis and its activity may control the intercellular distribution of metabolites between the two photosynthetic cell-types (27) .
An intriguing question is how does PEPCase function in the illuminated C4 mesophyll cell in the presence of 35 mM malate in vivo (27) , given that the enzyme is inhibited by more than 75% in vitro by 6 (30) for CAM plants?
As an important sidelight, it is our opinion that the almost identical relative mol wt of the PPDK and PEPCase monomers on SDS-PAGE has resulted in the incomplete identification of this 94 to 100 kD band in several cases. A paper on maize PEPCase (13) illustrates this point, in which the protein was purified in a manner in which PPDK would not be separated entirely from PEPCase (28) . The final product on one-dimensional SDS-PAGE, a doublet at low protein loads, was used to make antibodies for further studies ofPEPCase during the greening of maize leaves (26 
